Abstract. In order to analize the influence of a Coronal Mass Ejection (CME) on the coronal streamer belt, we made 3-D reconstructions of the electron density in the corona at heliospheric distances from 1.5 to 4 R for periods before and after a CME occured. The reconstructions were performed using a tomography technique. We studied two CME cases: (i) a slow CME on 1 June 2008; (ii) two fast CMEs on 31 December 2007 and 2 January 2008. For the first case of slow CME, it was found: (i) the potential magnetic field configuration in the CME initiation region before the CME does not agree with the coronal density structure while after the CME the agreement between the field and density is much better. This could be manifistation of that that the field was non-potential before the CME and after the CME the field relaxes towards a more potential state. (ii) It was shown that the dimming caused by the slow CME is not due to rotation of the corona and a line-of-sight (LOS) effect but a streamer blow out effect took place.
Introduction
Coronal Mass Ejections (CME) plays an important role for space weather research. There are still many open questions connected with CME initiation, propagation and influence on the ambient corona (Hudson et al., 2006; Mikic and Lee, 2006) . Recent research has revealed, however, that CMEs involve the release of the magnetic energy stored in magnetic field (Forbes, 2000; Klimchuk, 2001) . So, analyzing the magnetic field could help to understand the nature of Correspondence to: M. Kramar (kramar@helio.gsfc.nasa.gov) CMEs. But for the moment our knowledge about the coronal magnetic field is very limited. The direct Zeeman and Hanle effect (usually used for deriving the magnetic field at the photosphere) measurements in the corona are very difficult due to much lower strength of the coronal magnetic field (about 1 Gauss (Lin et al., 2004) ) and because of the high temperature of the coronal plasma. Moreover, the interpretation of such kind of measurements is not straightforward due to the fact that the corona is opticaly thin and these measurements are essentially line-of-sight (LOS) integrated. However the latest progress in these measurements (Lin et al., 2004; Tomczyk et al., 2008; Judge, 2007) and the vector tomography technique (Kramar et al., 2006; Kramar and Inhester, 2007) gives a hope for increasing our knowledge about the coronal magnetic field.
Recently, vector magnetograms from the photosphere have became available, which in principle supply all the information necessary for a non-linear force-free field extrapolation of the surface data into the solar corona (Wiegelmann et al., 2005; Wiegelmann, 2008) . The realistic force-free field extrapolation, however, is highly ill-posed and yields less reliable results, the larger the distance from the surface and the stronger the currents (Demoulin et al., 1992) .
For the moment, a robust way to estimate the coronal field is to extrapolate the measured photospheric LOS field by using the potential field approximation (Altschuler and Newkirk, 1969) . Since the potential magnetic field is the field with the minimum energy for a given photospheric radial boundary condition (Sakurai, 1989) , it cannot account for dynamical processes such as eruptions, flares, magnetic reconnections, where very probably magnetic energy is converted into plasma kinetic energy without a significant change regarding the magnetic boundary flux on the same fast time scale. Indeed, soft X-ray observations of active regions often show a non-potential structure of the magnetic field (Jiao et al., 1997) .
In the present paper we study the pre-and post-CME coronal electron density structure and compared it with the potential field source surface (PFSS) models for the correspondent periods. We considered two CME cases belonging to different types. One case consists of a slow CME, which probably originated relatively high in the corona, and the second case consists of two fast CMEs having source regions close to the Sun's surface in the same active region. The comparison of the pre-and post-CME states of the corona for these two different types of CME could provide us additional knowledge for better understanding of how a CME influences the coronal streamer belt, and about the propagation and initiation mechanism of CMEs as well. The reconstructions of the coronal electron density were performed using a tomography technique.
Tomography
The solar corona is optically thin, so in coronagraph images the radiation coming from the corona is integrated over the observer's line-of-sight (LOS), and it is impossible to localize any structure in the corona with an observation from only one viewing direction. To reconstruct extended structures in the optically thin corona, it is necessary to have observations from more than two directions. This is the essence of tomography. In practice, a rigid rotation of the coronal density structures is usually assumed. Coronagraph data from half a solar rotation are necessary as input for the reconstruction algorithm, and only structures which are stationary over about 14 days can reliably be reconstructed (Davila, 1994; Zidowitz, 1999; Frazin and Kamalabadi, 2005; Kramar et al., 2009 ). Here we use the regularized tomography method where the regularization is in the form of first-order smoothing term.
For our density reconstructions we use the pB-intensity images from COR1 instrument onboard the Solar Terrestrial Relations Observatory B (STEREO-B) taken approximately 2.3 times per day as input for the tomographic inversion. Because it views the corona close to the limb, the COR1 instrument has significant amount of scattered light that must be subtracted from the image prior to reconstruction. Proper removal of instrumental scattered light is essential for coronal reconstruction. One of the ways to do this is to subtract a monthly minimum (MM) background. The monthly minumum approximates the instrumental scatter by finding the minimum value of each pixel in all images over roughly a one month period. However, this method tends to overestimate the scattered light in the streamer belt (equatorial region). For these pixels, their minimal value over a month will contain both the scattered light and the steady intensity value from the corona. Hence, using such pixels as input for electron density reconstruction, we would obtain an electron density which is lower than the actual density.
Another way to remove the scattered light is to subtract a roll minimum (RM) background. The roll minimum background is the minimum value of each pixel obtained during roll maneuver of the spacecraft (instrument) around its optical axis. Because the coronal polar regions are much darker than equatorial ones, the minimum value of pixels in the equatorial region during the roll maneuver are nearer to the value of the scattered light intensity than the MM.
The sensitivity of the instrument changes with time decreasing about 0.25 % per month (Thompson and Reginald, 2008) . Also, the distance of the spacecraft from the Sun changes causing changes in the scattered light. But the roll maneuvers are done rather rarely. Therefore it is impossible to use a RM background made in one month for data from other month when maximum photometric accuracy is needed. One of the ways to get a background image for the period between the roll maneuveres, is to interpolate RM backgrounds over the time in a such way that this time dependence follows time dependence of the MM backgrounds as the MM background images available for every month. This approach to get background image is realized by W. Thompson in SolarSoft IDL routine secchi prep with keyword parameter calroll. We used backgrounds obtained in this way. The photometric calibration is based on Jupiter passage through COR1 FOV (Thompson and Reginald, 2008) .
After subtracting the scattered light, a median filter with the width size of 3 pixels was applied in order to reduce anomalously bright pixels caused by cosmic rays. Then, every third image pixel was taken (resulting in a 340×340 pixel image) in order to reduce used computer memory size. Since the recontruction domain is rectangular with a size of 128 3 covering 4 R sphere, this input image size does not significantly influence on the reconstruction results.
The inversion is performed for the function
Here, the elements x j of the column matrix X contain the values of electron density N e in the grid cells with index j = 1,...,n, and y i is the data value for the i-th ray, where index i = 1,...,m accounts for both the viewing direction and pixel position in the image. The matrix element a ij represents the intersection of volume element j with LOS related to the pixel i, multiplied by the kernel function that defined by the Thompson scattering effect for pB-intensity signal ( Van de Hulst, 1950; Billings, 1966; Quemerais and Lamy, 2002; Kramar et al., 2009 ). The second term on the righthand side of Eq. (1) is the regularization term used in order to minimize the effects of noise and data gaps (Tikhonov, 1963) . The matrix R is a diagonal-like matrix such that the regularization is the first order smoothing term, i.e. the square difference in value between two neighboring grid cells, summed over all cells. The regularization parameter, µ, regulates balance between the smoothness of the solution on one hand, and the noise and reconstruction artifacts on other. The result of the inversion depends on a number of factors, including the number of iterations, and value of µ. The value of µ was chosen using the cross-validation method (Frazin and Janzen, 2002) . The iterations are performed until the first term in Eq. (1) becomes slightly less than the data noise level which is essentially the Poisson noise in the data. In order to increase the contribution of signals from those LOS which pass through the low density regions, and to reduce the artifacts in the numerical reconstruction at larger distances from the Sun, a weighting function (or preconditioning) was applied. The regularization parameter and number of iterations were chosen by cross-validation method. Detailed describtion of the used tomography method can be found in Kramar et al. (2009) . As an output from the inversion we have 3-D electron density reconstruction of the corona at heliospheric distances from 1.5 to 4.0 R .
Preliminary error analysis shows that the error due to sparseness of the data (2-3 per day) and regularization is of order 10 %, and the error due to non-stationarity of the corona during the period of observations (typically 14 days) could be up to 50 %. More detailed analysis of the error for the method is to be presented in the forthcoming paper.
3 Pre-and post-CME coronal streamer belt structure
We analized pre-and post-CME coronal streamer belt structure for two CME cases:
1. slow CME on 1 June 2008 (CME1).
two fast CMEs on 31 December 2007 (CME2a) and 2
January 2008 (CME2b).
The source regions of these two fast CMEs are very close to each other and located in the same active region near the Sun's surface. Taking also into account that these CMEs occured within a time interval of two days, we join them in one case study. To reconstruct the 3-D electron density for pre-and post-CME corona, we used STEREO-B/COR1 data collected during a half of the solar rotation period just before and after a CME. The starting and ending observation dates and corresponded Carrington longitudes of STEREO-B spacecraft, φ LOS , are summarized in Table 1 . Note, that the longitude decreases during the observations.
CME on 1 June 2008 (CME1)
The CME1 is a slow CME. The two most characteristic features found for this CME are (Robbrecht et al., 2009 ): (i) it contains a significant mass, and (ii) it was not found clear on-disk signatures to be identified as a source region for this CME (Robbrecht et al., 2009) .
As the CME1 happened on 1 June 2008, to reconstruct the 3-D electron density in the corona before and after the CME, we used STEREO-B/COR1 data collected during a half of the solar rotation period just before and after the CME, i.e. during 17-31 May 2008 for the pre-CME density reconstruction, and during 3-16 June 2008 for the post-CME density reconstruction (see Table 1 ). The spherical cross-sections of the reconstructed electron densities at heliocentric distances 2.0, 2.2 and 2.4 R are presented in Fig. 1 . The independent localizations of the CME (Robbrecht et al., 2009 ) by several methods, indicates that the density decreases significantly in the streamer belt near Carrington longitude of 80 • is caused by the CME.
This region was in plane of the sky (POS) position for STEREO-B spacecraft on 26 May at 01:50 UT (east limb) and 8 June at 15:12 UT (west limb). So, the pre-and post-CME density reconstructions of the CME1 coronal region at 80 • longitude reflects state of the corona at times about 4-5 days before and 7-8 days after the CME (STEREO-B for shifts for about 13.3 • in longitude per day during the observational period). So, as seen from Figs. 1 and 2, the post-CME density remains significantly reduced in comparison with pre-CME state for at least about 7-8 days in the CME region. Figure 3 shows a difference in reconstructed electron density for the periods after the CME1 and before. It is seen that the density mainly decreased after the CME in a region in the corona within Carrington longitudes from 60 to www.ann-geophys.net/29/1019/2011/M. Kramar et al.: On the influence of CME on the 3-D coronal electron density M. Kramar: On the influence of CME on the 3D coronal electron density 7 
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• , latidudes from −30 to 25 • , and heliocentric distance from 1.5 to 3.6 R . As the reconstructions gives the electron density in physical units, we can calculate the mass lost by the corona within this region. So, assuming 10 % helium abundance which corresponds to mass per electron number equal to 1.974 × 10 −24 g (routine ne2mass in SolarSoft IDL library), we found the mass lost is 9.8 × 10 14 g. The mass of the CME measured in COR1 FOV is ∼ 8 × 10 14 g (see appendix for description). The maximal mass of the CME measured in COR1 FOV estimated by Robbrecht et al. (2009) has about the same value of ∼ 9 × 10 14 g. This fact is evidence that material the CME consists of could be originated mainly from the streamer belt. However, it is difficult to make a final conclusion about the origin of the CME's material because our estimation of the mass loss of the streamer is based on the reconstructions of the corona from 1.5 R . So, we do not know the pre-and post CME density below 1.5 R .
The STERO-B/COR1 data for the tomography reconstruction the post-CME corona which mainly contains information from the region where CME occured is collected about a week after the CME because the CME was directed approximately towards to STEREO-B. So, during this period the • and colatidude of 90
• . The reconstruction for the period before a CME of June 1st, 2008 is shown on the left side while the reconstruction for the period after this CME is shown on the right side. The white contour lines are the boundaries between closed and open magnetic field lines for a PFSS model with source surface at 2.5R⊙ for CR 2069 and CR 2070, i.e. periods approximately before and after the CME. The white circles mark heliospheric distances for 1, 2 and 3R⊙. streamer belt could be partially filled by the plasma. Therefore our estimation of mass lost by the streamer belt could be a lower limit.
The white contour lines in Fig. 1 represent the boundaries between closed and open magnetic field lines in potential field source surface model (PFSS) with the source surface located at 2.5 R for the Carrington rotations (CR) correspond to pre-and post-CME times, i.e. CR 2069 and CR 2070, respectively. The PFSS model is based on NSO/GONG data. The harmonic coefficients in the PFSS model are restricted to ninth order which is satisfactory for the coronal scale used in this study. It is clearly seen that the PFSS model do not match with the streamer belt in the CME region before the CME while after the CME the PFSS model and the streamer belt in the CME region are in significantly better agreement. • are not shown in order to more clearly show the density structure in this region. However the lines in this region are almost horizontal. On 2008-06-03T17:47, just after the CME1, the Earth was at 80 • longitude (CME1 region). This date corresponds to CR 2070. Therefore we compare PFSS model for CR 2070 with the post-CME reconstruction. And this comparison has sence for longitudes around the CME1 region, but could be not valid for the rest of the corona because of the difference in the observation dates for data needed for the PFSS model and tomographic reconstruction.
The magnetograph data for the pre-CME1 period is obtained during about 2008-05-07T12:40 date corresponding to CR 2069. But presented on Figs. 1 and 2 the density reconstruction for the pre-CME1 period is based on data obtained during 17-31 May 2008, which is more than a week after the central meridian passage through CME1 region. Therefore it is useful to make another reconstruction for period of 1-14 May 2008 in order to look how the corona changes. Figure 4 shows the spherical cross-sections of the reconstructed electron densities at heliocentric distances 2.0 and 2.4 R when input COR1B images for the inversion are from 1-14 May 2008. We can see similar density structure near Carrington longitude of 80 • as for the 17-31 May reconstruction. Figure 2 represents cross-sections of the reconstructed electron density by a plane perpendicular to a LOS with Carrington longitude of 172 • and latidude of 0 • . The reconstruction for the period before a CME of 1 June 2008 is shown on the left side while the reconstruction for the period after this CME is shown on right side. The east sides from the Sun correspond to the region with Carrington longitude of 82 • , i.e. where the CME1 took place. We see that the streamer shape after the CME is significantly reduced in height in contrary with much less evidence of the shape reducing in latitudinal direction. This could be indication that the area in the Sun's surface, where the closed magnetic field lines originate does not change after the CME eruption. To get more insights we would have to carry out a tomographic reconstruction of the corona below 1.5 R that could be based on data from Mauna Loa Solar Observatory (MLSO) Mark-IV coronameter.
CMEs on 31 December 2007 and 2 January 2008
To reconstruct the 3-D electron density in the corona before and after the CMEs, we used STEREO-B/COR1 data collected during a half of the solar rotation period just before and after the CMEs, i.e. during 17-30 December 2007 for the pre-CME density reconstruction, and during 3-17 January 2008 for the post-CME density reconstruction (Table 1 ). The spherical cross-sections of the reconstructed electron densities at heliocentric distances 2.0, 2.2 and 2.4 R are presented in Fig. 5 . The CME locations were determined by performing 3-D triangulations from simultaneous STEREO A and B images of SECCHI/COR1 using the IDL SolarSoft routine scc-measure, and then it has been verified with SEC-CHI/EUVI images if the source locations of the CME appear on solar disk in either STEREO A and B. By this means, it was found that the source regions of both CMEs are located near Carrington longitude of 235 • . This region was in plane of the sky (POS) position for STEREO-B spacecraft on 29 December at 23:53 UT (east limb) and 12 January at 15:00 UT (west limb). So, the pre-and post-CMEs density reconstructions of the CME2ab coronal region at 235 • As integral NSO/GONG harmonic coefficients for CR 2064 at about 235 • longitude are based on observations both before and after CME2ab date, for the PFSS model for the pre-CME period we used the harmonic coefficients based on observations finished on 30 December 2007 23:44 UT when Earth was at 334 • longitude. Figure 7 shows a difference in reconstructed electron density for the periods after the CME2ab and before. We selected the axisymmetric conic region in the corona where the angular position of the cone's axis is at Carrington longitude of 235 • and latidude of −7.5 • , and the cone's apex angle of 100 • (the boundary of the cone is marked by a largest nearly circle line in Figs. 5 and 7) We can estimate the mass lost by the corona in the region within this cone and heliocentric distances from 1.5 to 3.6 R . Assuming 10 % of helium abundance, which corresponds to mass per electron number equal to 1.974 × 10 −24 g (routine ne2mass in SolarSoft IDL library), we found a mass loss of 1.1 × 10 15 g. Note, that this number is a mass difference within the selected region, i.e. it takes into account also increase of the mass for whatever reason caused by the CMEs or not . The only negative part of the difference gives a number of 2.5 × 10 15 g.
It was found that the masses of CME2a and CME2b in the COR1 FOV are 4.3 × 10 15 and 1.1 × 10 15 g, respectively, which are comparable or more than the mass of CME1 in COR1 FOV. In contrary with CME1 case, the estimated streamer belt mass loss for CME2ab case is less than total masses of CME2ab. Moreover, the PFSS model for the period before CME2ab is in much better agreement with the reconstructed electron density structure than the PFSS model for the period before CME1. So, these properties could be explained that CME2ab has source region deep in the corona near the photosphere which is clearly seen in EUVI 304 and during their expansion the CME2ab "pushed out" surrounding materia. However, the lower number of mass loss could also be explained by the fact that the CME2ab originates in an active region with higher density and after the CMEs the density above this active region was "recovered" faster than time needed to collect data for tomographic reconstruction. Figure 6 represents cross-sections of the reconstructed electron density by a plane perpendicular to a LOS with Carrington longitude of 325 • and latidude of 0 • . The reconstruction for the period before CME2ab is shown on the left side while the reconstruction for the period after these CMEs is shown on right side. The east sides from the Sun correspond to the region with Carrington longitude of 235 • , i.e. where the CME2ab took place. We see that the height of the streamer in the CME region after the CMEs is relatively slightly reduced in contrary with the CME1 case.
Conclusions
1. To our knowledge this is the first direct evidence (eliminated from the LOS effect) of the streamer blow out effect caused by the slow CME. Llebaria et al. (2006) made a statistical analysis of the interaction of CMEs with the streamer belt and have found that 72 % cases of slow CMEs caused dimming in the streamer (i.e. steep decrease of the streamer brightness after the event) while this effect occured only for 18 % of the investigated fast CMEs.
The height of the streamer in the CME region after the CME1 is significantly reduced in contrast to with the CME2ab case where this height remains almost the same as before as well after the CME2ab.
2. The potential magnetic field configuration in CME1 initiation region before the CME occured does not agree with the coronal density structure, while after the CME the agreement between the field and density is much better. This could be a manifistation of that the field before the CME1 is non-potential and after the CME1 the field relaxes towards a more potential state. Also, the interpretation of the position of heliospheric current sheet based on PFSS model during a pre-CME period could be very questionable.
On the other hand, for the fast CME2ab the PFSS model and the reconstructed streamer belt structure above the source region are in good agreement both before and after the CME2ab occurred. On smaller scales inside the active region the PFSS model could not be validated. This could be indication of different initiation and/or propagation mechanisms for these two cases. Particularly, the source region for CME1 could be located higher in the corona than for CME2ab. The present paper is a first step in the analysis of interactions of CMEs with the streamer belt structure using 3-D structure of the belt obtained from the tomographic reconstruction. We considered here only two cases. A 3-D reconstruction of the type discussed in this paper could be produced for almost every Carrington rotation during STEREO operational period in a robust way allowing a more systematic study.
